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Abstract

Fibrocytes are a unique population of circulating cells reported to exhibit characteristics of both
hematopoietic and mesenchymal cells, and play an important role in wound healing. However
putative fibrocytes have been found to lose expression of hematopoietic surface markers such as
CD45 during differentiation, making it difficult to track these cells in vivo with conventional
methodologies. In this study, to distinguish hematopoietic and non-hematopoietic cells without
surface markers, we took advantage of the gene vav 1, which is expressed solely on hematopoietic
cells but not on other cell types, and established a novel transgenic mouse, in which hematopoietic
cells are irreversibly labeled with green fluorescent protein (GFP) and non-hematopoietic cells
with red fluorescent protein (RFP). Use of single-cell transcriptional analysis in this mouse model
revealed two discrete types of collagen | (Col I) expressing cells of hematopoietic lineage
recruited into excisional skin wounds. We confirmed this finding on a protein level, with one
subset of these Col I synthesizing cells being CD45+ and CD11b+, consistent with the traditional
definition of a fibrocyte, while another was CD45- and Cd11b—, representing a previously
unidentified population. Both cell types were found to initially peak, then reduce post-healing,
consistent with a disappearance from the wound site and not a loss of identifying surface marker
expression. Taken together we have unambiguously identified two cells of hematopoietic origin
that are recruited to the wound site and deposit collagen, definitively confirming the existence and
natural time-course of fibrocytes in cutaneous healing.
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INTRODUCTION

A multitude of cell types are involved in the process of wound healing, including resident
cells from the injured tissue as well as others recruited via the circulation. While
inflammatory cells clearly comprise the majority of circulating cells that are recruited to the
wound, recent studies have described the involvement of a cell type referred to as a fibrocyte
in these processes. First reported in 1994 [1], it has been postulated that fibrocytes possess
characteristics of both hematopoietic and mesenchymal cells, are recruited via the blood to
sites of injury, and play a role in physiologic wound healing as well as pathologic fibroses
[2-8]. Specifically, it has been suggested that fibrocytes are hematopoietic and derived from
monocyte/macrophage lineage cells because they express the monocyte surface markers
CD11b, CD13, and the leukocyte marker CD45 [9,10]. However, in both in vitro and in vivo
studies, fibrocytes have also been shown to possess characteristics typical of mesenchymal
cells, such as spindle-shaped morphology and expression of collagen. Unfortunately,
research efforts to more clearly elucidate the origin and in vivo role of fibrocytes in wound
healing are greatly hindered by both this complex cell surface signature, as well as the
transient expression of the identifying cell surface molecules. In fact, fibrocytes lose the
expression of hematopoietic surface markers during differentiation [4,6,11,12], and can
become indistinguishable from resident tissue fibroblasts using traditional tracing
methodologies. This has made their long-term fate in tissues an important area of
controversy [13].

To better track recruited cells in vivo, several studies have employed bone marrow
transplantation and/or parabiosis to a sex-mismatched or green fluorescent protein (GFP)
labeled mouse prior to wounding [4,14-16]. Although these reports largely support the
involvement of bone marrow-derived collagen producing cells in wound healing, the true
lineage of these cells could not be distinguished, as both mesenchymal and hematopoietic
bone marrow derived cells are tracked similarly in these models. Moreover, the long-term
role of the fibrocyte in wounds remained unclear, as surface marker independent tracking of
these cells throughout healing requires the simultaneous demonstration of hematopoietic
origin and collagen production, a level of granularity not achievable using standard bone-
marrow tracing approaches.

In order to unambiguously determine the existence and long-term fate of hematopoietic
lineage cells capable of producing collagen (i.e. fibrocytes) during wound healing, the
ability to clearly and permanently distinguish hematopoietic cells and non-hematopoietic
cells without surface markers is required. Unfortunately, previously available transgenic
mouse models for hematopoietic lineage tracking only target selected lineages or particular
differentiation stages [17]. For example, CD45, which is currently regarded as the most
specific marker for hematopoietic cells, is expressed only during later stages of
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hematopoietic progenitor cell development and therefore incompletely identifies these cells
[18].

In this study, we therefore bred a cre-activated dual fluorescence mouse strain with cre-
expressing mice under the vav 1 gene promoter. Vav 1 is a pan-hematopoietic marker
expressed almost exclusively in the hematopoietic system, but not in other tissues [19,20].
Its activity can be detected during early embryologic stages of hematopoiesis and in more
ancestral uncommitted progenitors, and when used in this system, facilitates a ubiquitous
and robust differentiation between hematopoietic and non-hematopoietic cells in vivo.

Utilizing this novel double transgenic mouse model, in which hematopoietic lineage cells
are irreversibly labeled with green fluorescent protein and non-hematopoietic cells are
labeled with red fluorescent protein (RFP), we examined the recruitment of circulatory cells
in wound healing, and identified the presence of two transient, hematopoietic-derived cell
types with distinct characteristics of a fibrocyte, definitively confirming their existence and
natural time-course in wound healing.

METHODS

Mice

Animal care was provided in accordance with institutional guidelines and all animal
protocols were approved by the Administrative Panel on Laboratory Animal Care at the
Stanford University School of Medicine. A mouse strain containing a CMV beta-actin
enhancer-promoter, driving a loxP-flanked red fluorescent protein (RFP) preceding GFP
[21], was obtained from Jackson Laboratories (B6.129(Cg) -
Gt(ROSA)26Sorm4(ACTB-tdTomato,-EGFP)LU0/3) or (mTmG). This mouse is designed to
express cell membrane localized RFP (membrane tomato/mT) ubiquitously prior to Cre
recombinase exposure, and cell membrane-localized GFP (membrane green/mG) in Cre
recombinase expressing cells. Prior to cross-breeding this mouse, all cells in the mTmG
were RFP labeled. A second mouse containing Cre recombinase driven by a global
hematopoietic gene vav 1 (B6.Cg-Tg(Vavl-cre)A2Kio/J) (Vav-Cre) [22] was obtained from
Jackson Laboratories (Bar Harbor, ME). By crossbreeding VVav-Cre and mTmG strains, a
double transgenic strain (Vav-Cre/mTmG; termed Vav-recombinant, or VavR) was created,
in which all hematopoietic cells driven by vav were labeled with GFP after a Cre-mediated
excision of the floxed RFP, and non-hematopoietic cells with no Cre activity remained RFP
labeled (Figure 1A). Importantly, any cells that ever transcribed vav 1 at any point during
development were permanently labeled with GFP, eliminating the problem of transient
expression of hematopoietic lineage markers. The Vav- Cre strain was maintained
hemizygously in order to reduce Cre-associated toxicity, while the mTmG strain was
maintained homozygously. Transgenic progeny were identified with common genotyping
techniques as outlined in the corresponding Jackson Laboratories protocols. C57BL/6 wild-
type mice (Jackson Laboratories) were used for comparison with the double transgenic mice.
Experiments were performed with female mice at the age of 8 to 12 weeks.
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Bone marrow was flushed from the tibias and femurs of mice and passed through a 70-pm
filter. Cells were plated in a 10-cm dish at 1 x 10° cells per cm? in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS). Cells were passaged at
80% confluence. To isolate CD11b+ cells from bone marrow, MACS Separation Columns
and CD11b MicroBeads (both from Miltenyi Biotec, Auburn, CA) were used.

Excisional wound healing model

Histology

The excisional wound healing model was utilized as previously described [23]. Briefly, the
dorsal surface of the mouse was shaved and depilated. Two 6-mm full thickness wounds
were created on either side of the midline. A donut-shaped silicon splint was placed with 6-0
nylon sutures to prevent wound contraction. Wounds were followed until closure and tissue
samples were harvested at 7, 14 and 28 days after surgery for histologic analyses. Normal
skin was also collected as a control.

Tissues were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS)
overnight. The tissues were then cryoprotected with 30% sucrose for 24 hours, and
embedded in OCT Compound (Sakura Finetek USA, Torrance, CA). Cryosections (10-um
thickness) were prepared and used for immunohistochemistry. Briefly, antigen retrieval was
performed in 1% SDS in PBS, followed by blocking in 1% goat serum in PBS. The
following primary antibodies were used at a 1:100 dilution and incubated overnight at 4°C:
rabbit anti-CD31 (ab28364 Abcam, Cambridge MA), rabbit anti-aSMA (ab5694 Abcam),
rat anti-F4/80 (ab16911 Abcam), rabbit anti-collagen | (ab34710 Abcam) and rabbit anti-
cytokeratin (ab97764 Abcam). Alexa Fluor 350-congugated goat antibodies for rat or rabbit
IgG (Molecular Probes, Eugene, OR) at a 1:250 dilution for 1hr at room temperature were
used as secondary antibodies. Fluorescent conjugated antibodies for CD11b (15-0112-83 Pe-
Cy5 conjugated, eBioscience, San Diego, CA), F4/80 (48-4801-82 eFluor 450 conjugated,
eBioscience) and CD45 (559864 APC conjugated, BD Pharmigen, Franklin Lakes, NJ) were
also used at a 1:50 dilution. Nuclei were stained with 4’,6-diamidino- 2-phenylindole
(DAPI). Sections were finally mounted with ProLong Gold antifade reagent (Molecular
Probes) and photomicrophs were taken on a Leica DM5000 B upright or Leica SP2 AOBS
confocal microscope (Leica Microsystems, Buffalo Grove, IL). For quantitative analysis of
histology, three randomly selected fields (at 400x magnification) per section were used.

Flow cytometry

For skin samples, tissues were cut into small pieces and digested with 0.5 mg/ml Liberase
TL (Roche Diagnostics, Indianapolis, IN) for 60 minutes at 37°C. Cells were then filtered
through a 70-um mesh. For bone marrow cells, bone marrow was flushed from the tibias and
femurs of mice and passed through a 70-um filter. Mature hematopoietic cells were depleted
when indicated using a Lineage Cell Depletion Kit in MACS Separation Columns (both
from Miltenyi Biotec). Mononuclear cells from blood were extracted from buffy coat by
Ficol-Paque density separation [24]. Isolated cells were stained with the following
fluorochrome-conjugated antibodies at a 1:20 dilution on ice for 30 minutes: rat anti-
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CD11b-PE-Cy7 (15-0112-83, eBioscience), rat anti-CD45-Pacific Blue (103125,
BiolLegend, San Diego, CA) or rat anti-CD45-PE-Cy7 (25-0451-81, eBioscience), rat anti-
F4/80-eFluor 450 (48-4801-82, eBioscience) and rat anti-Sca-1-PE-Cy7 (122514,
BioLegend) antibodies. When co-staining with collagen I, cells were first stained with CD45
and CD11b on ice for 30 minutes. Cells were then fixed in 4% PFA for 15 minutes at room
temperature, permeabilized with 0.1% TritonX in PBS on ice for 5 minutes, blocked in
FACS buffer, incubated with 1:25 rabbit anti-mouse collagen | antibody (ab34710, Abcam)
for 1 hour at room temperature and finally followed by counter-incubation with 1:100 goat
anti- rabbit Alexa Fluor 350 secondary antibody (Molecular Probes). Samples were analyzed
onaBD LSR Il flow cytometry machine having a UV laser.

Single cell transcriptional analysis

Immunoblot

Chemotaxis

Single cell transcriptional analysis was performed as previously described [25,26]. Briefly,
single cells were sorted into each well of a 96-well plate preloaded with 10 pl of a master
mix containing Tris-EDTA buffer (pH 7.0), Cells Direct reaction mix (Invitrogen), and
SUPERase-In RNAse inhibitor (Applied Biosystems, Foster City, CA). Cells were lysed and
reverse transcription was performed (20 minutes at 50°C, 2 minutes at 95°C) using
Superscript 111 reverse transcriptase enzyme (Invitrogen, Carlsbad, CA) and target gene-
specific TagMan assay probes (Applied Biosystems, Foster City, CA), followed by a 22-
cycle pre-amplification (denature at 95°C for 15 seconds and anneal at 60°C for 4 minutes)
using Platinum Taq Polymerase (Invitrogen). Resultant single cell cDNA was mixed with
sample loading agent (Fluidigm, South San Francisco, CA) and Universal PCR Master Mix
(Applied Biosystems) and loaded into 48.48 Dynamic Array chips (Fluidigm) along with
target gene-specific TagMan assays and assay loading agent (Fluidigm). Quantitative
polymerase chain reaction (PCR) and analysis were performed on the BioMark reader
system (Fluidigm). A list of genes and primers is shown in Supplementary Table 1.

To evaluate whether hematopoietic cells in the wound deposit collagen I, VavR mice were
wounded and the tissue was harvested as above after 7 days. 250,000 GFP+ or RFP+ cells
were isolated by flouresence-activated cell sorting (FACS) using a BD Aria Il flow
cytometry machine, with 250,000 RFP+ and GFP+ cells from unwounded VavR skin were
isolated simultaneously as controls. The cells were lysed in RIPA buffer containing protease
inhibitor. Cell lysates containing equal cell numbers were loaded with NUPAGE LDS
Sample Buffer (Life Technologies, Grand Island, NY) on 12% polyacrylamide gels (Life
Technologies) in SDS-Laemmli buffers (Life Technologies), and transferred to
Nitrocellulose membrane (Life Technologies). After the blots were blocked with 5% milk in
PBS, target proteins were probed with primary antibodies at 1:1000 for collagen | (ab21286
Abcam) or 1:2000 for a-tubulin (ab52866 Abcam). The blots were probed with horseradish
peroxidase-conjugated secondary antibodies, and the bound peroxidase was visualized by
enhanced chemiluminescence (GE Life Sciences, Piscataway, NJ).

assay

CD11b+ cells isolated from cultured bone marrow cells were suspended in serum free
medium and 1 x 10° cells in 200 pl were seeded into the upper chamber of a Transwell
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insert (8.0-um pore size, Corning Life Sciences, Lowell, MA). Medium alone or medium
containing stromal cell-derived factor-1a (SDF-1a) (100 ng/ml), monocyte chemoattractant
protein-1 (MCP-1) (100 ng/ml), and transforming growth factor-f1 (TGF-81) (10 ng/ml) (all
from R&D Systems, Minneapolis, MN) was added to the lower chamber (600 pl). The cells
were then allowed to migrate for 4 hours at 37°C, after which they were fixed in 100%
methanol for 15 minutes and stained with hematoxylin for 10 minutes. Cells retained on the
top surface of the membrane were eliminated using a cotton swab. The number of migrated
cells was counted using a light microscope (200x magnification) and plotted as numbers per
field.

Quantitative real-time PCR

CD11b+ cells isolated from cultured bone marrow cells were serum-starved overnight, and
cultured with SDF-1a (100 ng/ml), MCP-1 (100 ng/ml), and TGF- 1 (10 ng/ml) for 24
hours. One microgram of total RNA was isolated from the cells using an RNeasy Mini Kit
(Quiagen, Hilden, Germany), followed by reverse transcription. We amplified cDNA for 40
cycles with the ABI PRISM 7900HT sequence detection system and a TagMan PCR Master
Mix (both from Applied Biosystems). Expression levels were calculated by the comparative
Ct method using GAPDH as an endogenous reference gene.

Statistical analysis

RESULTS

Data are expressed as mean + standard error of the mean. Comparisons of multiple groups
were done by analysis of variance with Bonferroni’s multiple t-test. A value of * p <0.05
was considered significant. For single cell transcriptional data, we employed a partitional

clustering algorithm to separate distinct functional subtypes.

The VavR double transgenic reporter mouse model can distinguish hematopoietic and
non-hematopoietic lineage cells

In the VavR mouse model, all cells that express the enzyme Cre recombinase under the
control of the vav 1 gene promoter have RFP excised and the membrane bound green
fluorescent protein (GFP) activated (Figure 1A). The VavR mice were viable, fertile and
appeared phenotypically normal, yet possessed a distinctive labeling of GFP in the entire
hematopoietic cell lineage (Figure 1B-D). Accordingly, the peripheral blood of the VavR
mice showed universal expression of GFP. Moreover, a histological and flow cytometric
analysis of solid organs revealed that the spleen was composed mainly of GFP+
hematopoietic cells (94.9% GFP+). Conversely, the liver and heart were mainly positive for
RFP (57.3 and 78.8% RFP+), consistent with the non-hematopoietic origin of the
hepatocytes and cardiomyocytes largely composing these organs. The majority of skin cells
were also RFP+ (89.7%), including epithelial cells and fibroblasts, with GFP+
hematopoietic cells sparsely distributed in the dermis, likely representing transient or
resident inflammatory cells.

Performing immunohistochemistry to further confirm this model, staining for the
hematopoietic cell marker CD45 in the spleen demonstrated specificity to GFP+ cells
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(Figure 1E), while staining for non-hematopoietic cell markers, including CD31+
endothelial cells in the heart and cytokeratin+ epithelial cells in the skin, demonstrated
specificity to RFP+ cells (Supplemental Figure 1A and Figure 1F). Interestingly, not all GFP
+ cells co-localized with CD45 in the spleen, indicating that CD45 is not a ubiquitous
marker of all hematopoietic cells.

Within the bone marrow, flow cytometry confirmed that the vast majority of cells (~90%)
were both GFP+ and CD45+ (Figure 2A). Similar to the spleen, a small GFP+/CD45-
population (<10% of total cells) was observed, yet these GFP+/CD45~- cells were negative
for the monocyte and macrophage markers CD11b and F4/80 (Figure 2B—C, Supplemental
Figure 1B), excluding them from being traditionally defined fibrocytes. Additionally, we
found that early passages of cultured bone marrow cells showed a high correlation between
the expression of the monocyte/fibrocyte marker CD11b and GFP positivity (Supplemental
Figure 1C), allowing for a CD11b-based enrichment of hematopoietic-lineage fibrocytes
from cultured bone marrow cells for subsequent in vitro analyses.

Also of note, the bone marrow was found to contain a small population of RFP+ stromal
cells (approximately 1% of lineage-negative cells) (Figure 2D). Some of these RFP+ cells
(approximately 20%) expressed Sca-1, consistent with traditional definitions of bone
marrow mesenchymal stem/progenitor cells (BMSCs). Moreover, culture of bone marrow
cells based on plastic adherence demonstrated that RFP+ cells expanded in number and
overgrew GFP+ cells following serial passage (Figure 2E), which is compatible with
previous reports on culture expansion of BMSCs [27,28].

Hematopoietic and non-hematopoietic cells in VavR wound healing

Following these confirmatory studies in normal tissues, an excisional wound model was
utilized on VavR double transgenic mice to confirm cell dynamics following injury.
Compatible with our previous report in wild-type mice [23], wound closure was observed by
day 14, and hematoxylin-eosin staining showed primarily cellular infiltration with
inflammatory cells and granulation tissue formation around day 7 (data not shown).
Moreover, fluorescence microscopy and flow cytometry demonstrated that the number of
GFP+ hematopoietic cells infiltrating into the wound peaked on day 7, and returned to near
baseline levels by day 28 (Figure 3A-C), consistent with the recruitment of inflammatory
cells in the early stages of wound healing. As expected, the majority of these infiltrating
GFP+ cells were also CD45+ (Figure 3C, Supplemental Figure 1D), although the GFP+/45-
cell fraction was found to peak at day 7 and return to baseline levels by day 28, indicative of
a dynamic recruitment and remodeling process. Interestingly, the total number of RFP+ non-
hematopoietic cells, as well as the number of RFP+/CD31+ endothelial cells, showed a
gradual increase in number until day 14, indicating an active process of granulation tissue
formation, neovascularization and remodeling throughout the wound healing process (Figure
3A-E, Supplemental Figure 1E).

Looking more closely at the GFP+ cells, immunohistochemistry and flow cytometry
confirmed that the majority of the GFP+ hematopoietic cells in the wound were monocyte/
macrophage lineage cells, demonstrating positive expression of the markers CD45, CD11b
and F4/80 (Figure 4A-C, Supplemental Figure 2A-D), a finding which is consistent with the
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normal wound healing progression. Additionally, these recruited GFP+ hematopoietic cells
were often found to localize around the vasculature, as demonstrated via
immunohistochemical staining with the pericyte marker Desmin (Supplemental Figure 3A),
consistent with prior reports suggesting a role for hematopoietic derived cells in the support
of neovascularization [29].

Single cell transcriptional analysis of GFP+ hematopoietic cells in the wound identifies the
putative fibrocyte

To further analyze the function of the multitude of GFP+ hematopoietic cells recruited to the
wound, a single cell transcriptional analysis of this population was performed as previously
described [25,26]. This process allowed for the transcriptional characterization of
neutrophils, monocytes and other hematopoietic lineage cells in the wound, such as
fibrocytes, without the need for a priori assumptions based upon cell surface marker
expression. Employing a partitional clustering of the single cell data, GFP+ cells were
subdivided into three populations (Figure 5A). The first population represented putative
monocyte/macrophage lineage cells and was characterized by high expression of the surface
markers CD11b (Itgam) and F4/80 (Emr1). The second population consisted of putative T
cells and was characterized by high expression levels of the T-helper cell surface antigen
CDA4. The third population consisted of other hematopoietic lineage cells recruited to the
wound, primarily granulocytes.

Interestingly, a number of the monocyte/macrophage lineage cells expressed type | collagen
(relative frequency: normal skin (8%), day 7 (43%), day 14 (29%) and day 28 (20%); Figure
5B), in addition to type I11 collagen and other fibrotic genes. Since these cells were by
definition hematopoietic lineage, and collagen | and 111 expression is believed to be a
defining feature of fibrocytes that is commonly absent from other hematopoietic cells [1],
the presence of high expression levels of these collagen genes supported their existence as
fibrocytes. Consistent with the reported secretory profile of fibrocytes [4], many of these
monocyte/macrophage lineage cells also showed high expression levels of growth factors,
such as TGF-B1, MCP-1 (Ccl2), and vascular endothelial growth factor (VEGF). Moreover,
these cells also expressed receptors for growth factors, such as receptors for SDF-1a
(Cxcrd), MCP-1 (Ccr2), and TGF-B1 (Tgfrl), similar to traditionally defined fibrocytes
[30,31].

Upon further examining the correlation between expression of collagen | and specific cell
surface markers within these hematopoietic lineage cells, approximately 5% of collagen |
expressing cells across all time points were low in CD45, while 60% of collagen |
expressing cells were low for CD11b (Figure 5C), indicating that hematopoietic lineage
collagen expressing cells (fibrocytes) are incompletely defined by traditional surface marker
profiling.

Protein confirmation of the hematopoietic lineage fibrocyte and identification of a novel
population of blood-derived collagen producing cells

An immunoblot, as well as immunohistochemical and flow cytometric analyses were next
performed to confirm these transcriptional findings on a protein level. Consistent with the
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presence of a dynamically recruited collagen producing hematopoietic cell, immunoblot of
hematopoietic lineage (GFP+) cells isolated from normal skin and day 7 wounds
demonstrated the presence of collagen | producing cells at day 7 post wounding, with an
absence of this cell type in normal skin (Figure 6B, Supplemental Figure 3B). As a control
for this assay, stromal cell (RFP+) collagen | production was also found to increases
following wounding. Looking more closely at recruited GFP+ cells, the existence of the
traditionally defined fibrocyte was corroborated by immunohistochemical co-localization of
hematopoietic lineage GFP expression with collagen | and the monocyte/macrophage
marker F4/80 (Figure 6A). Moreover, flow cytometry demonstrated a dynamic population of
GFP+/CD45+/Cd11b+/Col 1+ cells within the wound, with these cells peaking in frequency
at day 7, and returning to near-baseline levels by day 28 (Figure 6C).

Leveraging the surface marker independent hematopoietic lineage tracing capacities of the
VavR model, we also looked at the GFP+/CD45- fraction of cells recruited to the wound
site, to determine if hematopoietic lineage cells other than those defined by traditional
surface marker definitions possessed the ability to deposit collagen. Consistent with our
single-cell transcriptional data, a rare population of GFP+/CD45-/CD11b-/Col I+ cells was
identified via flow cytometry, and displayed a similar recruitment profile as their GFP+/
CD45+/Cd11b+/Col I+ counterparts (Figure 6D). This previously unidentified cell
population demonstrates the heterogeneity of hematopoietic cells contributing to the wound
environment, and highlights the difficulty of utilizing surface markers for cell identification
in this setting.

Fibrocytes can be isolated from bone marrow-derived CD11b+ precursors, migrate
towards an SDF1la signal and differentiate following in vitro and in vivo stimuli

Following confirmation of the existence and dynamic recruitment of hematopoietic-lineage
collagen producing cells to the wound, we focused next on the mobilization mechanism and
differentiation capacity of these cells. Building upon reports that traditionally defined
fibrocytes can be derived from CD11b+ leukocyte/monocyte fractions found in the
circulation and secondary lymphatic organs [32], we focused our studies on CD11b+ cells
isolated from primary cultured bone marrow, first confirming their hematopoietic lineage
based on GFP co-expression (Figure 7A). Because monocyte/macrophage lineage cells in
the wound expressed receptors for SDF-1a, MCP-1, and TGF-B1 in the single-cell
transcriptional analysis, which are known to be responsible for directing fibrocyte
recruitment, we next examined the effects of these growth factors on the GFP+/CD11b+
bone marrow cells in vitro. Chemotaxis assays showed that SDF-1a, induced migration of
the bone marrow-derived GFP+/CD11b+ cell population (Figure 7B), providing a
mechanism for recruitment of fibrocytes to the wound site, where SDF-1 is know to be
upregulated [33].

Providing insight into fibrocyte differentiation, TGF-1 was found to up-regulate the
expression of type I collagen, a-smooth muscle actin (aSMA), and tissue inhibitor of
metalloproteinase-1 (TIMP-1) in these GFP+/CD11b+ cells, all markers of mature
fibrocytes (Figure 7C). Furthermore, TGF-B1 regulated the expression of growth factors,
decreasing MCP-1 and TGB-f1, and increasing VEGF. These findings demonstrate that
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functional fibrocytes can be derived from a C11b+ subpopulation of hematopoietic bone
marrow cells.

Finally, to assess whether hematopoietic lineage cells differentiate into myofibroblasts after
recruitment into the wound in vivo, expression of the myofibroblast marker aSMA was
evaluated using immunohistochemistry. Interestingly, GFP+ hematopoietic cells showed co-
localization with aSMA across all post-injury time points, peaking at day 7 (Figure 7D and
Supplemental Figures 4-5). These data indicate that hematopoietic lineage cells can not only
contribute to the extracellular matrix via production of collagens I and Ill, but also play a
role in wound contraction.

DISCUSSION

In this paper, we have established a new double transgenic reporter mouse model (VavR)
that uses the vav 1 gene as a specific marker for hematopoietic lineage cells. Utilizing this
system, we unambiguously confirmed the existence and natural time-course of two
hematopoietic- derived, collagen producing cell types that are recruited to cutaneous
wounds.

One of the ongoing challenges in the field of fibrocyte biology is the complex definition of
these cells. Defined as being both hematopoietic and collagen producing, fibrocytes are
traditionally identified in part by co-expression of the putative hematopoietic cell marker
CD45 and collagen I. However, reliance on CD45 for identification of hematopoietic lineage
cells is not ideal, as this surface marker is mostly expressed during later stages of
hematopoietic progenitor cell development, potentially missing specific cell populations in
vivo [21]. Moreover, CD45 and CD11b, another common fibrocyte marker, have been
shown to be down-regulated in vitro as these cells transition to a more collagen-producing
phenotype [11]. Similarly, because it has been shown that CD45 expression is lost by many
cells recruited from the bone marrow throughout the course of normal wound healing [15], it
is unclear whether the previously described transience of fibrocytes in skin wounds is the
result of a loss of CD45 expression [5], or the actual disappearance of these cells from the
healed wound.

Because the vav 1 gene is ubiquitously expressed by all hematopoietic lineage cells
[20,22,34,35], including during embryologic hematopoiesis [19], utilization of this gene to
irreversibly label all cells within the hematopoietic lineage enabled us to definitively
confirm the existence, as well as characterize the natural time course of blood-derived
collagen producing cells in the wound. The GFP+/CD45+/CD11b+/Col I+ cells first
identified in this work are consistent with traditional definitions of the fibrocyte [9,11], and
were found to be actively recruited to the wound site. Importantly, the long-term decrease in
numbers of these cells was not found to be the result of a down-regulation of CD45 or
CD11b, as the GFP+/CD45+/CD11b—/Col I+ and GFP+/CD45-/CD11b-/Col 1+
populations did not display a long-term increase in numbers, as would be required with the
loss of these surface markers from the originally recruited GFP+/CD45+/CD11b+Col 1+
cells. As such, the loss of this specific hematopoietic collagen producing population over
time likely results from either an apoptotic or migratory event, with the alterative
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explanation of a concomitant downregulation in collagen production not consistent with the
overall low numbers of GFP+ hematopoietic lineage cells found in the healed wound.

In this study, we also identify a novel population of CD45-/CD11b-/Col I+ hematopoietic
lineage (GFP+) cells that display a similar recruitment profile to cutaneous wounds as the
CD45+/CD11b+/Col I+ fibrocyte, but would have been missed by conventional surface
marker-based definitions. The existence of a recruited, bone-marrow derived CD45- cell in
cutaneous wounds has been previously demonstrated through the utilization of bone marrow
transplantation of GFP+ cells [15]. However, a definitive determination of collagen
expression in these cells was not performed in this work, and they were deemed to be
distinct from fibrocytes as they lacked the defining surface marker CD45. Moreover,
experiments from this same study demonstrated the ability of multiple bone marrow
compartments to home to site of cutaneous injury [15], further illustrating how a definitive
lineage tracing of the CD45-/CD11b—/Col 1+ cells identified herein would be impossible
without the use of the VavR model. Interestingly, this GFP+/CD45-/CD11b-/Col I+
population displayed a comparable transience in the long-term as the traditionally defined
fibrocyte, suggestive of a similar functional role for these cells within the healing wound.

Given the early post-wounding recruitment profiles of both the traditionally and non-
traditionally defined hematopoietic lineage collagen producing cells identified in this study,
their contributions are likely greatest in the early phase of wound healing. Granulation tissue
formation and neovascularization are critical elements of the wound healing process during
this time, and it has been suggested that fibrocytes can contribute to angiogenesis through
secretion of several pro-angiogenic factors such as VEGF [11,36]. Focusing on the CD11b
positive fraction of bone marrow derived GFP+ hematopoietic cells, we were able to
confirm this pro-vasculogenic phenotype in our in vitro analysis. Furthermore, our data
indicating the presence of GFP+ hematopoietic cells in the perivascular space further
support a paracrine contribution of these cells to neovascular processes within the wound.

Aside from their obvious role in extracellular matrix deposition, another potential role of
fibrocytes within the wound is differentiation into myofibroblasts. While some groups report
that fibrocytes can make significant contributions to the myofibroblast population, especially
during the early phases of wound healing [4,14], others suggest that bone marrow derived
fibrocytes do not play a major role in the accumulation of these cells [16]. This discrepancy
may be due in part to differences in the cell identification methods used in these studies, as
fibrocytes defined via negative selection demonstrated the highest expression of the
myofibroblast marker aSMA [4], while fibrocytes defined by via bone marrow tracking of
GFP or Col la I/GFP labeled cells demonstrated a lower frequency or absence of aSMA
production [14,16]. In this work, we observed significant levels of aSMA expression in
hematopoietic lineage GFP+ recruited cells, particularly during the early phases of wound
healing. These data confirm that the hematopoietic compartment can contribute to the
wound myofibroblast population. However, given the rapid global decrease in GFP+ cells
from the remodeling wound, these contributions may be greatest in the acute post-injury
phase.

Sem Cells. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Suga et al.

Page 12

The cytokine regulation and recruitment mechanism of fibrocytes was also examined in this
work. Fibrocytes are believed to be regulated by several cytokines [37-39], and we
specifically examined the effects of SDF-1a, MCP-1, and TGF-B1 because these are felt to
be critical mediators of circulatory cell recruitment and mesenchymal differentiation [40]. In
these in vitro studies, SDF-1a induced the migration of bone marrow-derived CD11b+ cells,
suggesting an involvement of this signaling pathway in the mobilization and recruitment of
fibrocytes from the bone marrow. Moreover, TGF-B1 was found to up-regulate the
expression of type I collagen and aSMA, indicative of a mesenchymal differentiation that is
consistent with previous reports [38,39]. Not previously described, TGF-p1 was also found
to up-regulate TIMP-1 and VEGF. Given this data, we believe that several cytokines
including SDF-1a recruit monocyte/macrophage lineage cells from the bone marrow to the
wound, and once the cells reach the wound site, other cytokines such as TGF-f1 induce a
pro-fibrotic and pro-angiogenic phenotype. Because monocyte/macrophage lineage cells
including fibrocytes can express TGF-p1 by themselves, as indicated by us and other
researchers [3,41], autocrine mechanisms may be involved in this phenotypic change.

While the focus of our study was to examine the fate of hematopoietic lineage cells in the
wound healing process, recent evidence suggests that non-hematopoietic mesenchymal cells
derived from the bone marrow (BMSCs) can circulate in the blood and contribute to wound
healing [42-44]. However, their fate in the wound healing process has been difficult to
quantify due to the low prevalence of this population in the bone marrow and circulation,
and the inability to specifically label these cells. Here, too, the VavR double transgenic
model may overcome these limitations and enable their specific detection in tissues. Our
data showed that BMSCs existed in bone marrow as RFP+ cells and were clearly
discernable from GFP+ hematopoietic cells. However, in the wound RFP+ cells were
indistinguishable from local non-circulatory cells and therefore a different model would be
required to examine their involvement in wound healing.

In summary, we established a new double transgenic reporter mouse model to distinguish
hematopoietic and non-hematopoietic cells without surface markers, using the vav 1 gene to
specifically and permanently label hematopoietic cells. This new methodology allowed us to
track hematopoietic cells in the wound and clearly demonstrate the existence and natural
time-course of two types of collagen expressing hematopoietic lineage cells. We believe a
similar approach will be useful in identifying the existence and lineage of other circulating
cell populations with transitory surface marker expression.
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Figure 1.
VavR double transgenic mice express GFP in hematopoietic cells and RFP in

nonhematopoietic cells. (A): On cross-breeding the mTmG mouse with the Vav-Cre, all
cells expressing vav 1 (hematopoietic) in the progeny exclude RFP due to cleavage at loxP
sites and instead express GFP. Cells not expressing vav 1 (nonhematopoietic) remain RFP+.
(B): Flow cytometry of peripheral blood cells is nonfluorescent in wild-type mice and GFP+
in VavR mice. Circulating RFP+ cells are not detected in the peripheral blood of VavR
mice. (C): Histological images of spleen, liver, heart, and skin showing distribution of RFP
and GFP cells. Nuclei are stained with 4/,6-diami-dino-2-phenylindole. Scale bar =75 pm.
(D): Flow cytometry of cells isolated from the heart, spleen, liver, and skin of VavR mice
indicates relative proportions of GFP+ and RFP+ cells in each of these organs. (E, F):
Immunohistochemistry for CD45 in the spleen (E) and cytokeratin in the skin (F) shows
CD45 (purple) colocalizing with GFP and cytokeratin (purple) colocalizing with RFP. White
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arrows highlight areas of colocalization. Gray arrows illustrate a small population of GFP+/
C45- cells in the spleen, indicating that CD45 is not a ubiquitous marker of hematopoietic
lineage cells. Gray scale bar =75 pm. White scale bar =150 pm. Abbreviations: GFP, green
fluorescent protein; RFP, red fluorescent protein.
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Figure 2.

Bone marrow cells in the VavR double transgenic mouse are primarily GFP+ but display a
population of RFP+ bone marrow mesenchymal stem/progenitor cells (BMSCs). (A): Flow
cytometry analysis of the whole VavR bone marrow without Lineage depletion reveals
negligible RFP+ cells. Most GFP+ cells are CD45+ (percentage relative to total GFP+ cells).
(B, C): Flow cytometry analysis of GFP+ bone marrow cells demonstrates that GFP+/
CD45- cells do not display markers for either monocytes, CD11b+, or macrophages, F4/80+
(percentage relative to total GFP+ cells). (D): Lineage depletion of the bone marrow cells
allows for detection of RFP+ cells, a portion of which are positive for the BMSC marker
Sca-1 (percentage relative to total RFP+ cells). (E): Culture of bone marrow cells in vitro
increases prevalence of RFP+ cells over passages. Scale bar =50 um. Abbreviations: GFP,
green fluorescent protein; RFP, red fluorescent protein.
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Figure 3.
Hematopoietic and nonhematopoietic cells are well distinguished during wound healing in

VavR double transgenic mice. (A, B): Histological images and quantification during wound
healing show GFP+ hematopoietic cells peaking at day 7, while RFP+ nonhematopoietic
cells peak at day 14. Scale bar =50 pm. Quantification includes number of RFP+ and GFP+
cells per high power field (hpf). (C): Flow cytometry demonstrates that majority of the GFP
+ cells in the wound were CD45+ (numbers relative to total GFP+ cells). (C-E): RFP+/
CD31+ endothelial cells are seen to peak in the wound at day 14 by flow cytometry (C)
(percentage relative to total RFP+ cells), and quantification of immunostaining (D, E). Blue:
CD31. White arrows highlight areas of RFP/CD31 colocalization. Scale bar =100 um. Of
note, RFP and GFP percentages in (C) are relative numeric values (i.e., RFP counts vs. RFP
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+GFP counts), and do not reflect absolute cell number changes. Abbreviations: GFP, green
fluorescent protein; RFP, red fluorescent protein.
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Figure 4.
Monocyte/macrophage lineage cells are the major population recruited to the wound. (A, B):

Standard and three-dimensional immunohistochemical imaging of F4/80 (blue) on day 7
demonstrating that F4/80+ cells in the wound colocalize with GFP+ and CD45+ (purple)
cells. White scale bar =40 pm; gray scale bar =20 pm. White arrows highlight areas of GFP
+/CD45+/F4/80+ colocalization. (C): Flow cytometry of wound lysate demonstrating the
GFP+/CD11b+/F4/80+ cell fraction (percentage relative to total cells) peaks at day 7 and
retracts to baseline levels by day 28. Abbreviations: GFP, green fluorescent protein; RFP,
red fluorescent protein.
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Single-cell transcriptional analysis reveals importance of monocyte/macrophage lineage
cells and their expression of collagen in wound healing. (A): Partitional clustering of green
fluorescent protein+ cells in the wound. Columns represent individual cells and rows
correspond to genes. Yellow indicates increased expression and blue decreased expression.
Monocyte/macrophage lineage cells are characterized by high expression of CD11b (ltgam)
and F4/80 (Emrl), and express type | and type 111 collagen. (B): The relative percentage of
collagen | expressing monocyte/macrophage cells in the wound increases dramatically at
day 7 postwounding and slowly regresses toward baseline levels at subsequent time points
(percentage relative to total Col I+ monocytes/macrophages). (C): Scatter plots representing
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correlation between collagen | expression and surface markers. There is heterogeneity in the
expression of CD45 and CD11b among collagen | expressing hematopoietic cells.
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Figure 6.
Two hematopoietic-derived fibrocyte populations are identified: GFP+/CD45+/CD11b+/Col

I+ and GFP+/CD45-/CD11b—/Col I+. (A): Immunohistochemistry confirms the presence of
a monocyte/macrophage subpopulation that deposits type I collagen. Purple: Collagen I,
Blue: F4/80. Scale bar =20 um. (B): Immunoblot demonstrating the recruitment of
hematopoietic lineage (GFP+) Col I producing cells at day 7 postwounding, with an absence
of this cell type in normal skin. Stromal cell (RFP+) Col I production also increases
following wounding. (C): Flow cytometric analysis demonstrating that GFP+/CD45+/
CD11b+/Col I+ cells are recruited to the wound, peak at day 7, and reduce in numbers by
day 28 (percentage based on total GFP+ cells). (D): A second, non-monocyte hematopoietic
cell subpopulation (GFP+/CD45-/CD11b-/Col I+) depositing type | collagen and
demonstrating a similar recruitment pattern is also identified via flow cytometry (percentage
based on total GFP+ cells). Abbreviations: GFP, green fluorescent protein; RFP, red
fluorescent protein.
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Figure 7.
SDF-1a causes bone marrow-derived CD11b+ cell migration, TGF-/L regulates gene

expression in CD11b+ cells and aSMA, the myofibroblast marker is confirmed in a
subpopulation of hematopoietic cells infiltrating the wound in vivo. (A): Primary cultures of
VavR bone marrow were MACS sorted for CD11b and recultured. Immunofluorescence
confirmed plated cells as GFP+/CD11b+. Blue: CD11b. Scale bar =50 pum. (B): Chemotaxis
assay with SDF-1a, MCP-1, and TGF-41 shows migration of CD11b+ cells in response to
SDF-1a, with *, p <.05 compared to control (n =4). (C): SDF-1a, MCP-1, and TGF-f1
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treatment of CD11b+ cells shows TGF-41 upregulating fibrosis-related genes (type |
collagen, aSMA, and TIMP-1) and VEGF by gPCR. *, p <.05 compared to control (n =4).
(D): aSMA is expressed in a subpopulation of infiltrating hematopoietic cells at earlier time
points in the wound, but regresses with the healing of wounds. White arrows highlight areas
of aSMAJGFP colocalization. White scale bar =75 pm; gray scale bar =40 pm.
Abbreviations: aSMA, smooth muscle actin; GFP, green fluorescent protein; RFP, red
fluorescent protein; TIMP-1, tissue inhibitor of metalloproteinase-1; VEGF, vascular
endothelial growth factor.
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